The hemagglutinin subtypes from Influenza A can be divided into distinct lineages. This is important for tracing the evolutionary history of the gene. It allows regional lineages to be identified and studied. The process of lineage identification depends on phylogenetic analysis to identify the distinct clades within the data.
Introduction
The influenza A virus genome is divided into 8 different RNA segments. Two of these segments encodes virus surface glycoproteins hemagglutinin (HA) and neuraminidase (NA) which characterise the viral subtypes H1-HA18 and N1-N11 respectively (1) . The other six segments are commonly referred to as the internal genes and this includes the three polymerase segments PA, PB1 and PB2 a non-structural protein segment (NS) a Matrix protein M and nucleoprotein NP (2) .
Each of the segments can be considered as evolving separately and there is exchange of the different segments between viral subtypes via the process of genetic reassortment (3) . Determining if there has been exchange of the internal genes during reassortment depends on identifying the close homologues of the internal genes from the viral subtype under consideration (4) . This is usually carried out by using a database search tool such as BLAST (5) (6) (7) . Such analyses are time consuming and it is difficult to set an appropriate threshold for homology and commonly a cut-off of above 90% comparative identity might be used. These homology analyses also depend on the number of sequences returned by the search. If there are a large number of sequences a higher threshold will be applied to reduce the number, but if there are very few sequences the threshold would be increased.
The HA and NA genes are divided into subtypes based on their antigenic properties, but the internal genes do not have subtypes and are most often given the name of the glycolytic subtypes with which they are found. The HA subtypes have also been further divided into evolutionary lineages . A detailed classification has been developed by the WHO for the H5N1 highly pathogenic HA segment and similar nomenclatures also exist for the HA of H9N2 and H1N1 Swine influenza viruses (8) (9) (10) (11) (12) .
There is not currently a classification system available for the internal genes.
Recently a rapid sequence identity based clustering method, USEARCH has been used to filter sequences data (13) . USEARCH applies a BLAST like approach but runs orders of magnitude faster than BLAST (14) . In this case USEARCH was used to produce a non-redundant set of data where sequences have less than a specified degree of identity. A high identity threshold of 99% or even 100% can be used to remove identical sequences or nearly identical sequences. This is an example of an agglomerative clustering approach. In the study by Hurtado et al. the focus was on the representative sequences and not the clusters themselves (13) .
An alternative approach is to use clustering to identify sub-groups which have sequence identity above a threshold. This will identify closely homologous sequences which form lineages. For lineage determination a lower identity threshold of between 90% and 95% should be used, as this is a divisive clustering approach. USEARCH generates two outputs, the representative sequences that are at the centre of each cluster (the centroid sequences) and a set of files containing the sequences from each of the clusters (14) .
H5N8 is a relatively rare highly pathogenic avian influenza subtype. H5N8 has occurred only sporadically until the 2014 outbreak in South Korea, and the 2015 outbreak in Taiwan (15) . There are long gaps in the history of the subtype and it has been proposed that the virus has had multiple origins via reassortment (16) (17) (18) . While there is strong evidence from analysis of the hemagglutinin and neuraminidase gene segments the additional evidence from the internal genes would give a more complete picture of reassortment. H5N8 is an ideal as a test case because there are a limited number of sequences (less than 250) and because of its wide spread geographical spread (it is present in both the USA and Eurasia).
In this paper we apply a clustering methodology in order to classify the influenza internal gene segments and we demonstrate how this classification can be used in order to identify potential reassortment events in H5N8. Cluster identification using USEARCH was applied at a range of different identity levels to evaluate the statistical properties of the clustering (14) . At this point only the centroids, the representative set of sequences for each cluster was determined. This was also carried out for the H5 and H9
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hemagglutinin which act as a reference.
From the statistical properties of the clustering an optimal clustering identities for each of the internal genes and classification can be chosen and clustering can then be carried out using USEARCH for each of the segments. A level of identity of 90% was chosen for clustering all the internal gene segments using the following command.
usearch -cluster_fast sequences.fasta -id 0.9 -centroids sequences_nr.fasta A multiple sequence alignment of all the clusters was carried out using Muscle v3.8.31 or for very large clusters containing over 2000 sequences using Mafft v7.271 (20, 21). Intra-cluster and intercluster distances were calculated using the APE module within the R statistical programming environment and R-studio (22-24). Inter-cluster distances are the distances between centroids.
Scripts were used to automate the analysis (supplementary file S1).
A simple shell grep command was used to search for clusters containing H5N8 sequences for each of the internal gene segments.
grep H5N8 *.fas
Results
The clustering statistics for the initial classifications using USEARCH are given in supplementary table   2 . From these data an optimum clustering identity of 90% was chosen for clustering all of the internal gene segments. This is the level of identity where the main cluster appears and where there are still aa manageable number of clusters.
USEARCH generated 25 clusters for the M gene segment, 35 for the NP, 54 for the NS segment, 46
for PA, 62 for PB1 and 48 for PB2. The number of clusters for the PB1 segment is significantly larger than for the others. In total there are 270 cluster across the 6 gene segments.
Summaries of the cluster properties for each of the internal gene segments are given in table 1-6.
The H5N8 containing clusters are summarised in table 7. The H5N8 sequences can be broken down into 13 representative groups. This includes 2 from the origin of the subtype in Ireland in 1983 and 5
groups from the USA that contain either 1 or two sequences. The South Korean groups that were identified previously based on the H5 hemagglutinin trees are the Buan and Gochang groups (25) .
However, these two groups are not easily separable based on the internal gene segment clustering.
Discussion
The HA sequences of H5 and H9 viruses were included as a reference because of the extensive literature on lineage assignment for these two hemagglutinin subtypes. The statistical properties for the clustering of the hemagglutinins can be compared to that of the internal genes to establish if they exhibit the same properties.
The existence of a plateau in the maximum cluster sizes in case of the hemagglutinin and all the internal genes shows that there is a genuine structure to the sequence data and that the main cluster is stable over a range of identities. This indicates that there are multiple groups of sequences which have small numbers of changes between them that are separated by larger distances to other groups in a multi-modal population. This is strong evidence to support the use of classification based on clustering as an appropriate method of analysing the internal genes. By using clustering we can identify groups that share a close ancestry and we also reduce the variability in the dataset which improves alignments.
The sequences for the internal genes are often incomplete as they are not sequenced as often and in as much detail as the HA and NA segments. This is particularly an issue with older sequences and also with the PB1 segment. USEARCH was developed for use in next generation sequencing projects to assign sequences to operational taxonomic units (14) . USEARCH is based around a BLAST like algorithm which detects words in common between the sequences and so clustering does not require the full-length sequences. For this reason, USEARCH seems to be robust to partial sequences, although the ambiguity introduced by missing sections might explain the large number of clusters for the PB1 segment. Some of the PB1 clusters such as cluster 4 contain very short stretches of sequence (only 173 bases) and it is possible that some clusters result from the truncation.
In almost all cases the median of the distances between the cluster centroids is smaller than the maximum distance within the clusters and the maximum distances between centroids are significantly larger. This indicates that the clusters are well separated and that only a small number of sequences will lie at the border between clusters.
The within cluster distances are NA when there is a single sequence because there is no distance to calculate but there are also cases where the intra-cluster distances cannot be calculated for nonsingleton clusters. These occur for the PA and PB1 sequences (tables 4 and 5) and they are caused by a large number of sequences with long stretches of unknown nucleotides which are represented as the string N. In one cluster the number of Ns is so large that the sequence is 100% different to the other sequences. The only way of dealing with this challenge is manual editing of the alignments which with such large numbers of sequences is resource intensive and time consuming. Manual examination and editing of the polymerase cluster 1 showed that the cluster was well defined but given that there are over 5000 sequences it was not possible to edit the alignment to remove all the problem sequences. Automated methods for quality control need to be developed for the PA and PB1 segments where there are very large variations in the data collected.
One of the feature we would expect to see if the data has been appropriately clustered into lineages is that some of the clusters should be homogeneous for subtype or location. This is equivalent to having a monophyletic clade in a phylogenetic analysis.
Most of the small clusters containing less than 10 sequences are likely to be homogeneous (table 1- 6). These demonstrate that the cluster membership is much more than a random assignment and from a wide range of subtypes. It is possible that this lineage spread from sea-birds to other water fowl in the 1980s via bird migration, but based on the available evidence we cannot suggest more than a plausible hypothesis in this case. This is supported by the PB1 cluster 6 which contains the same Alaskan Murre samples from 1976 along with a wide variation of other subtypes including water-fowl from the 1980s. In these highly heterogeneous cases we are more confident about the cluster assignment if it has been identified in other segment lineages.
The H5N8 subtype was used as a test case to see if the clustering agreed with previous phylogenetic studies. There is good agreement with the previous studies of the sporadic US sequences but the results are less clear for the recent Eurasian outbreak and its sub-sequent spread to North America (16, 26) . Sequences from that outbreak have been classified into two groups based on the hemagglutinin gene segment, Gochang and Buan (25) . The Gochang sequences also form a cluster with the sequences from China and this is the suggested point of origin. The Buan clade spread more widely including to Taiwan in 2015.
However, from the internal genes the clustering suggests a much more complex pattern of reassortment (table 7) . These results are consistent with the current phylogenies but they indicate that there have been numerous reassortment events during the outbreak including a change in the matrix gene segment when the virus spread to Taiwan. The Viet Nam sequence also corresponds to a divergent viral genome even though it has some features in common with the Chinese, South
Korean and Taiwanese viruses. There is evidence in a recent paper that the Viet Nam sequence is the source of another H5N8 lineage (27).
The North American groups are a much easier to analyse because of the small number of available sequences. While they all share common features they are nevertheless all unique in their patterns of internal genes. This lends further support to the hypothesis that the H5N8 subtype has arisen multiple times in North America from H5 and N8 containing subtypes, but that this subtype was short-lived and did not spread widely until the 2014 outbreak.
This study is only the beginning of analysing the massive amounts of internal gene segment sequence data that are available. In this study we have classified nearly a quarter of a million sequences classified into 270 clusters across the six internal gene segments. All of the original data, the aligned clustered sequences and the script used for analysis are available for download via Zenodo (https://doi.org/10.5281/zenodo.832431). Unravelling the reassortment history for influenza is going to be an enormous task beyond any single group and we welcome everyone to use the data for their own analysis. 
